For the first time, an 0-antigenic lipopolysaccharide (LPS) has been isolated from a filamentous blue-green alga (Anabaena variabilis). It was extractable with phenol-water, resulting in extraction of the bulk of the LPS into the phenol phase. The polysaccharide moiety of this LPS consists of L-rhamnose, its 3-0-methyl ether L-acofriose, D-mannose, D-glucose, and D-galactose. L-Glycero-D-mannoheptose and 2-keto-3-deoxyoctonate, the two characteristic sugar components of enteric LPS, and phosphate groups are absent from the A. variabilis O antigen. The only amino sugar present is D-glucosamine. Three hydroxy fatty acids were identified, namely, ,-hydroxymyristic, ,-hydroxypalmitic and B-hydroxystearic acids, in addition to palmitic and unidentified fatty acid. The LPS of A. variabilis is localized in the outermost cell wall layer and behaves like a bacterial 0 antigen in serological tests. The passive hemagglutination yielded high titers with isolated LPS (pretreated by heat or by alkali) and rabbit antisera prepared against living or heat-killed cells. The position of the precipitation arcs after immunoelectrophoresis of the 0 antigen indicates the lack of charged groups. The water phase of the phenol-water extract contains, in high yield, a glucose polymer. It is serologically inactive as shown by the passive hemagglutination test and by agar-gel precipitation.
For the first time, an 0-antigenic lipopolysaccharide (LPS) has been isolated from a filamentous blue-green alga (Anabaena variabilis). It was extractable with phenol-water, resulting in extraction of the bulk of the LPS into the phenol phase. The polysaccharide moiety of this LPS consists of L-rhamnose, its 3-0-methyl ether L-acofriose, D-mannose, D-glucose, and D-galactose. L-Glycero-D-mannoheptose and 2-keto-3-deoxyoctonate, the two characteristic sugar components of enteric LPS, and phosphate groups are absent from the A. variabilis O antigen. The only amino sugar present is D-glucosamine. Three hydroxy fatty acids were identified, namely, ,-hydroxymyristic, ,-hydroxypalmitic and B-hydroxystearic acids, in addition to palmitic and unidentified fatty acid. The LPS of A. variabilis is localized in the outermost cell wall layer and behaves like a bacterial 0 antigen in serological tests. The passive hemagglutination yielded high titers with isolated LPS (pretreated by heat or by alkali) and rabbit antisera prepared against living or heat-killed cells. The position of the precipitation arcs after immunoelectrophoresis of the 0 antigen indicates the lack of charged groups. The water phase of the phenol-water extract contains, in high yield, a glucose polymer. It is serologically inactive as shown by the passive hemagglutination test and by agar-gel precipitation.
It has been shown previously (for review see reference 4) that cell walls of Cyanophyta (bluegreen algae) are more closely related to bacterial cell walls than had been assumed previously (24) . There are significant similarities in the chemical composition and morphological organization of the cell walls of these different organisms. Frank et al. (6) demonstrated the presence of murein in isolated cell walls of Cyanophyta, a component that formerly was thought to be restricted to bacterial cell walls. This finding, verified by several other investigators (4) , explains the susceptibility of some Cyanophyta towards penicillin and lysozyme.
Like cell walls of gram-negative bacteria, the cell wall of blue-green algae consists of multiple layers. Recent observations on ultrathin sections of different Oscillatoriaceae and Chroococcaceae (2, 6, 14) and on freeze-etchings of Anabaena variabilis (9) show a farreaching similarity between their cell walls and the complex cell walls of gram-negative bacteria. Finally, Weise et al. (40) were able to extract from isolated cell walls of Anacystis nidulans high-molecular-weight material which, as judged by its extraction properties and chemical composition, could be considered to be a counterpart of the 0 antigens (lipopolysaccharides [LPS]) of gram-negative bacteria. This 0 antigen of A. nidulans, a unicellular blue-green alga, has been, to date, the only reported LPS isolated from Cyanophyta. Whether other species, especially filamentous strains, also possess similar LPS is of considerable interest from a taxonomic and a phylogenetic point of view.
The present paper describes the isolation and the chemical and serological characterization of the 0 antigen of the filamentous blue-green alga A. variabilis (Hormogonales). It will be shown that this LPS carries 0-specific groups similar to bacterial 0 antigens, but that it differs considerably in its chemical composition and extraction properties from the well-known enterobacterial 0 antigens.
MATERIALS AND METHODS Organism. The strain used was obtained from N. G. Carr, Liverpool, and was derived from the A. variabilis (KUltzing) strain described by Kratz and Myers (17) . It was cultivated in a modified JUtttner medium (15) Isolation of LPS. Lyophilized mass cultures were extracted by the hot phenol-water method of Westphal et al. (41) . The water and phenol phases were freed from phenol by extensive dialysis against tap water and finally against distilled water. After removal of insoluble material by centrifugation (2,500 x g, 30 min), the extracts were freed from low-molecular-weight material by ultracentrifugation (three times at 105,000 x g for each run). Extraction of A. variabilis with liquid phenol-chloroform-petroleum ether was performed as described by Galanos et al.
(7).
Sugar analysis. Neutral sugars were liberated by hydrolysis with 1 N sulfuric acid at 100 C for 4 h. The hydrolysates were neutralized with a saturated aqueous solution of Ba(OH),. Sugars were separated by descending paper chromatography (Whatman no. 1) with the solvent system pyridine-butan-1-ol-water (4:6:3, voVvol/vol) and were stained with silver nitrate-NaOH (34) Amino acids and phosphorus. Amino acids, liberated by hydrolysis in 6 N HCl at 100 C for 16 h, were freed from HCI and identified in an amino acid analyzer as described above. Phosphorus was determined by the method of Lowry et al. (19) .
Fatty acid analysis. Fatty acids were liberated by hydrolysis in 4 N HCl at 100 C for 6 h, extracted from the hydrolysate with petroleum ether (40 to 60 C), weighed, and esterified with 2 N methanolic HCl at 100 C for 2 h. For identification, a Perkin-Elmer gas chromatograph (model F20) fitted with a Castorwax (2.5% on Chromosorb G, 80 to 100 mesh) stainlesssteel column (0.32 by 152 cm) at a column temperature of 170 C and a nitrogen flow of 25 ml/min, or alternatively an EGSS-X (15% on Gaschrom P, 100 to 120 mesh) stainless-steel column (0.32 by 150 cm) at a column temperature of 165 C and a nitrogen flow of 30 ml/min, was used. Mass spectrometry was carried out as described above, using a coupled gas chromatography-mass spectrometry system.
Hydroxylaminolysis. Ester-bound fatty acids were transformed into ethanol-soluble hydroxamic acids by the method of Snyder and Stephens (33) . The LPS residue with its presumable amide-bound fatty acids became insoluble in ethanol and was precipitated by centrifugation (1,450 x g, 30 min). After the supernatant fluid was decanted, hydroxamic acids were hydrolyzed by addition of 6 N HCl to the supernatant fluid (pH 2.0) and heating at 100 C for 2 h. The amide-bound fatty acids in the sediment were split off from glucosamine in alkali (4 N NaOH, 100 C, 5 h). The identification of amide-and ester-bound fatty acids was achieved by gas chromatographic analysis of the fatty acid methyl esters (see above).
Serological tests. Antisera were prepared by intravenously immunizing albino rabbits, three times at 4-day intervals, with increasing amounts (0.25, 0.5, and 1.0 ml) ofA. variabilis cell suspensions containing 10' cells/ml in 0.9% saline. The immunization was carried out either with living or with heat-killed cells (100 C, 2.5 h). The rabbits were bled 5 days after the last injection. For passive hemagglutination tests, human erythrocytes (blood group A) were sensitized with untreated, heat-treated (100 C, 60 min), or alkali-treated (0.25 N NaOH, 56 C, 60 min [27] ) LPS samples. Serial dilutions of antisera were prepared with phosphate-buffered saline (pH 7.2) by using the Metrimpex microtitrator system (Metrimpex type OX-603). Fifty-microliter amounts of the serum dilutions were mixed with equal amounts of LPS-sensitized erythrocyte suspensions (25 Mliters of packed cells, suspended in 5 ml of saline). The titers were read after a 60-min incubation of the plates at 37 C. The reciprocal serum dilution of the last dilution cups showing complete agglutination were recorded as hemagglutination titers. Agar-gel immunoelectrophoresis was carried out, by the method of Scheidegger (32), using an electrophoresis chamber from the Gelman Instrument Company (model 51170-1) and a diethyl-barbituric acid-sodium Veronal-calcium lactate buffer (12) at 10 V/cm for 1 h. Agar-gel precipitation was performed as described by Ouchterlony (29 
RESULTS
High-molecular-weight material (LPS) from the phenol phase of phenol-water extracts: (i) isolation. The hot phenol-water procedure is generally adopted for isolation of 0 antigens of gram-negative bacteria. By this method, a high-molecular-weight material was extracted from A. variabilis cells into the phenol phase. The yield was about 1% of the cell dry weight. To remove possible contamination by phospholipids and other lipophilic materials that would also be extracted into the phenol phase, the high-molecular-weight fraction was washed extensively with chloroform-methanol (2:1, vol/vol). In spite of its lipophilic character, we were not able to extract this material with phenol-chloroform-petroleum ether, a method recently found to be highly suitable for extracting lipophilic glycolipids (R-LPS) of enterobacterial R-mutant strains (7). The high-molecular-weight material isolated from A. variabilis represents a LPS by chemical criteria and an 0 antigen by its serological activity (see below).
(ii) Analyses for neutral sugars. The neutral sugar fraction obtained by acid hydrolysis (1 N H2SO4, 100 C, 4 h) of the LPS was analyzed by paper chromatography and by gas-liquid chromatography after the sugars were converted into their respective alditol acetates. Rhamnose and glucose were present in large amounts; mannose and galactose, however, were present in lower percentages ( Table  1) . The optical rotation values of the isolated sugars, separated by preparative paper chromatography, revealed a D-configuration for mannose, glucose, and galactose, and an L-configuration for rhamnose. It is noteworthy that L-glycero-D-mannoheptose, an ubiquitous constituent of enterobacterial 0 antigens, is absent from the LPS of A. variabilis.
An additional neutral sugar, characterized by its high R, value in pyridine-butan-1-ol-water (Rrhamnose = 1.24), amounted to 18.4% of the LPS dry weight. It was recognized by its intensive brown staining with anilinium hydrogen phthalate and by its weak reactivity with AgNO3-NaOH. The sugar could easily be ob- (It should be mentioned that most of the enteric 0 antigens show properties identical to those mentioned above.) Agar-gel precipitation studies showed that no differences exist between antisera obtained with heat-killed and living cells, indicating the heat stability of this 0
antigen. In immunoelectrophoresis with the alkali-treated LPS (pH 8.6, 10 V/cm, 60 min), the precipitation arcs were formed around the antigen well, demonstrating that charged groups are virtually absent in the A. variabilis 0 antigen. L-Acofriose, one of the major sugar constituents of the A. variabilis 0 antigen, was detected earlier in the LPS of the photosynthetic bacterium Rhodopseudomonas capsulata 37b4 (38) . The 0 antigens of both organisms were tested for serological cross-reactivity, since it is known that lipophilic sugars, such as dideoxy-hexoses and 0-methyl sugars, very often occupy the nonreducing terminal positions in 0 antigens and, therefore, are of special importance to the serological specificity of the respective 0 anti- It is interesting that the two sugars L-glycero-D-mannoheptose and KDO, both components of the enterobacterial R core region, are absent in the A. variabilis LPS. Either this LPS is devoid of an R core or it is built up by other constituents. It would be particularly interesting to know which sugar forms the linkage between the lipid moiety and the polysaccharide part, since KDO is absent here. The only hitherto described LPS of Cyanophyta, originating from A. nidulans, is also free from heptose, but it does still contain KDO (40) . The same is true for the 0 antigens of Xanthomonas campestris (11, 35) , Rhodopseudomonas capsulata 37b4 (36) and R. viridis F (39) . In contrast the LPS of Neisseria catarrhalis (1), Bacteroides fragilis and B. melaninogenicus (13) are free from both heptose and KDO. 0-methyl sugars, like L-acofriose, are rare constituents in 0 antigens of gram-negative bacteria. In photosynthetic bacteria of the family Rhodospirillaceae, 0-methyl sugars were however encountered frequently (37) (38) (39) The occurrence of three amide-linked #-hydroxy fatty acids in a procaryotic 0 antigen is unusual. In addition, this composition is of special interest, since the fatty acid analyses of blue-green algae that are presently available were usually carried out with whole cells, and they predominantly demonstrate the presence of saturated, mono-, di-or tri-unsaturated longchain fatty acids, but not the presence of hydroxy fatty acids (for summary see reference 28).
All of these data demonstrate that the 0 antigens of Cyanaphyta, as well as of some gram-negative bacteria, do not strictly follow the general structural concept of enterobacterial O antigens.
The LPS of A. variabilis carries 0 specificity. It behaves like a bacterial 0 antigen in passive hemagglutination and agar-gel-precipitation, but does not migrate upon immunoelectrophoresis, substantiating the absence of phosphate and KDO observed by chemical analysis. The LPS seems to be localized in the outermost layer of the multiply layered cell wall, and it is obviously not covered by any capsular or slime antigens, since similar titers were observed when using antisera against either heat-killed or living cells.
Like other blue-green algae, the investigated strain of A. variabilis is gram positive. However, the fine structure and the chemical composition of the cell walls of blue-green algae so far investigated clearly demonstrate the gram-negative character of these cell walls.
The high-molecular-weight material from the water phase of the phenol-water extracts is closely related to bacterial glycogen. This material has been described as a typical reserve component in some Cyanophyta cells (for summary see reference 5). The polymer is serologically inactive and does not seem to be part of the cell wall.
The present paper shows that LPS comparable to the 0 antigens of gram-negative bacteria exist not only in unicellular species (A. nidulans), but also in the filamentous Cyanophyta. It should be pointed out, however, that up to now investigations have been restricted to only one representative of each group, so that the results cannot be generalized. It would, therefore, be highly desirable to obtain more precise knowledge on the 0 antigens and other cell wall constituents from other strains of these organisms.
